The effect of poling conditions on power output of piezoelectric energy harvesters using sol-gel based Pb(Zr 0.53 ,Ti 0.47 )O 3 -Pb(Zn 1/3 ,Nb 2/3 )O 3 piezoelectric thin-films has been investigated. Strong correlation was established between poling efficiency and harvester output.
INTRODUCTION
The search for alternative energy sources continues on many fronts. In particular, there has been a recent increase in activity to harvest energy from non-traditional alternate energy sources such as vibrations (via the piezoelectric effect), temperature variations (via the thermoelectric effect), and solar. 1 The search of ways to improve the performance of the alternative sources by keeping them manufacturable and low cost is of primordial interest. Chemical based process can help to meet those requirements. The improvement of a harvester may be divided in two main areas: the material and the device separately.
From the material standpoint, it is well known that the addition of donor dopants or higher valence dopants such as La +3,2-4 and Nb +5,5-7 to the original piezoelectric material (ABO 3 perovskite structure), contribute with electrons when they substitute on the A and B sites, 5, 8 improving the energy density of thin-film piezoelectric materials. 9 We have recently reported the synthesis and integration of a piezoelectric energy harvester based on an alternate material, namely, the relaxor composition 0.9Pb(Zr 0.53 ,Ti 0.47 )O 3 -0.1Pb(Zn 1/3 ,Nb 2/3 )O 3 or PZT-PZN.
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The thin-film relaxor material was integrated into a cantilever device by a manufacturable, topside, low cost, and planar chemical-wet-etch based process.
Additionally, it is also known that the piezoelectric response of polycrystalline perovskite ceramic materials can be enhanced by externally poling the material. 12 Most reported studies of poling effects have been mainly focused on the Pb(Zr,Ti)O 3 material system. 13, 14 The poling process involves the application of a strong DC field to preferentially orient the domains in the polycrystalline perovskite ceramic along the direction of applied field. The poling conditions normally used to improve the figure of merit of piezoelectric materials include electric field, time, and temperature or light exposure, and they all can have a dramatic impact on the performance of the piezoelectric element and therefore the performance of the device. 15 The improved properties of the piezo-harvester after poling depend on how well the dipoles are oriented in the desired direction, and how stable the new dipole orientations are after removing the applied field. The stability of the dipole configuration after poling is dramatically impacted by the internal bias fields that build up in the sample during poling. It is also well known that the poling field applied to ferroelectric thin films can be greater than that for bulk ceramics; 15 and the need of activation mechanisms are necessary for poling to happen. In this work, temperature, voltage, and time were used to pole the samples. However, there have also been reports showing that photoactive light exposure during poling stabilizes the new dipole configurations; light exposure has been proved to be useful for the poling of polymer films 16 , and is a useful alternative for micromechanical devices integrated on a chip. [15] [16] [17] Despite these numerous reports, little information has been reported on the effect of poling conditions on the power output of integrated thin-film piezoelectric energy harvesters. In the present work, we investigate the poling effect on electrical performance of energy harvesting devices fabricated by a wet chemistry-based release process, and made from sol-gel-based PZT-PZN thin-films. It is shown functional PZT-PZN cantilever performance is enhanced by the poling treatment, and a mechanism is proposed for this enhancement.
EXPERIMENTAL

Relaxor material synthesis and characterization
The energy harvesters fabricated in this study are based on a cantilever design and sol-gel solution deposition process which has been previously reported by this group. 
Cantilever and Device fabrication
The sol-gel solution was then spin-coated, at 3000 rpm for 30 sec on a multi-layer substrate designed to enable facile release of the cantilevers via a wet-chemistry etch process. Briefly, the cantilever stack is comprised of the following sequential layers: Si substrate, added to improve the relaxor film phase formation, as previously reported. 11 The relaxor PZT-PZN thin films (0.810 µm thick) were then deposited on top of TiO 2 layer and crystallized at 675°C for 30 min in air to obtain phase-pure relaxor films. 10, 11, 19 The patterning, wet etching, and cantilever release steps were carried out in a class 1000 clean room. The first photolithography step involved pattering of 50 nm RuO 2 /40 nm Cr/400 nm Au interdigited electrodes (IDE). The RuO 2 was sputter deposited and the Cr/Au was deposited using e-beam evaporation. The next step involved PECVD SiO 2 encapsulation to improve the long-term stability of the devices. The following step included the deposition of 40 nm Cr/400 nm Au on the bond pads for wire bonding. The cantilevers were then released using a three-step etch process. A 20% HF for 1.5 min to remove the oxides, stopping on the LPCVD nitride layer; a 15 min dry etch using 100% CF 4 in a reactive ion etcher (RIE) to remove LPCVD nitride; and finally a 6.5 hour poly-Si etch using 20% KOH at 50°C to release the cantilevers, with constant stirring during the entire etching time.
The cantilever fabrication was designed in a way to harvest energy in d 33 voltages. An example of a cantilever released using our process is shown in the SEM image in Figure 1(a) . It can be seen that the dimensions of the device are 200 µm by 600 µm. In addition, the finger width and spacing are seen to be 5 µm each. Geometry was selected by modeling several parameters such as, finger spacing, finger width and other parameters using COMSOL FE software. 10 Modeling was based on a 4-layered model structures, 700 nm SiO 2 / 500 nm Si 3 N 4 /810nm PZT /600nm Au stack, and the mechanical parameters used were provided by COMSOL database. Cantilevers with variable finger width (I), finger spacing (D) and space between the cantilever edge to finger arrays (E) were constructed and simulated using the Solid Mechanics (Solid) Module in order to obtain the resonance frequency, deflection, and stress of the structures. After the mechanical structural data was processed, we proceed to create a second model using the Piezoelectric Devices (Pzd) and Electrical Circuit (Cir) module to evaluate the voltage output as a function of I, D and E respectively; this model was performed creating a boundary condition and introducing a function which represents the mechanical behavior of the structure under excitation. Meshing was performed using a combination of tetrahedral elements and swept elements to optimize the mesh size, and the number of elements ranged from 5000 to 30000 depending on the complexity of the geometry; all results were based on 3D elements.
Device Characterization
The poling study was carried out on a temperature controlled probe station. To be able to pole several cantilever at the same time, packaging was necessary as shown in Fig. 1(b) , the chip carrier is then mounted on a printed circuit board (PCB) to allow poling of several cantilevers simultaneously in a parallel array. The PCB was introduced into a furnace and connected to a voltage source (Keithley 2400).
After poling treatments, the samples were tested by mounting them to a mechanical shaker (Vibration Research Corporation model VR5800). The force generated by the shaker was proportional to the selected acceleration, which was controlled by the applied voltage to a high power amplifier (VR565 Linear Power Amplifier). The acceleration and frequency were monitored with an accelerometer mounted to the piston of the shaker. The amplifier was driven by a 12-V power supply and signals from a frequency generator. The output voltage from the cantilever was monitored using a Tektronix digital oscilloscope (TDS 210). To normalize the voltage for different cantilever designs, the measured voltage was divided by the area of the cantilever to give voltage density (V/cm 2 ).
RESULTS AND DISCUSSION
Using poling conditions previously reported for PZT thin film piezoelectrics as a starting point 17, 20 , a study of the poling conditions of the relaxor PZT-PZN thin films was performed.
Watanabe et al. 17 reported using a field of 50 kV/cm to pole their piezoelectric thin films, but did not specify the poling temperature or time. Yi et al. 21 reported using 31 kV/cm for 100 min at 200°C as extreme conditions for poling piezoelectric thin films. Because the poling conditions in our study involved the variation of several parameters, it was necessary to define a method to quantify the efficiency of the poling process. One method is based on the observation that the capacitance-voltage (CV) curves of the relaxor piezoelectric film experience a shift along the voltage axis after poling, which is defined as ∆V in Fig. 2 . Hysteresis loops corresponding to selected CV curves are shown in the supporting information file Figure S1 , and also exhibit a voltage shift after poling.
It has been suggested by many authors that the net polarization in PZT thin films is comprised of two components-the ''normal'' ferroelectric polarization (P r ), and a volumetric distribution of aligned defect-dipole complexes such as V Pb " -V o ++ . [22] [23] [24] [25] It has been shown that such defect dipoles can be reoriented and stabilized under an external bias, leading to the buildup of internal bias fields, which create rigid shifts along the voltage axis in a hysteresis loop. 26, 27 We surmise that the origin of the voltage shift (∆V) in the C-V characteristics of our samples are Using those results, an estimate of the power density output was calculated (inset in Figure   5 ). Fitting cantilever power output to poling efficiency (∆V%) resulted in a polynomial cubic behavior, as shown in equation 1, It is known that stringent poling conditions are needed for poling thin films as compared to bulk materials because of the mechanical clamping that the substrate exerts on the thin film. 20, 25 Such strong fields have been reported to cause a shift of the C-V curve after poling due to a build-up of internal bias field. 28 Warren et al. 26 suggest the defect-dipoles have an effect on the total polarization and hence they might stabilize or not the piezoelectric material after poling, other authors such as Lee et al 29 support the same mechanism. Calculation of the effective activation energy to analyze the mechanism responsible for poling was performed, where internal bias field was plotted as a function of temperature. At lower temperatures, from 25°C to 77°C, a linear behavior is observed in our samples, and an activation energy of 0.12 eV was calculated, at higher temperatures not much change was observed, reaching a saturation point. This result suggests the movement of ionic charge carriers, as expected for defect-dipole formation.
Voltage (V)
Previous reported values suggest that the activation energy for ionic movement in PZT thin films is about 0.18 eV, and is 0.04 eV for electronic movement. 28, 30 Finally, the voltage and power output of a thin-film cantilever poled under optimum conditions as a function of load resistance was measured. The optimum poling conditions were reduced by 10% to avoid breakdown. The cantilever device was connected to an oscilloscope through a controllable resistive load (R1). It was observed that the cantilever using the optimum poling conditions could deliver a maximum power density of 325 µW/cm 2 . These results are comparable to previously reported PZT cantilevers. 18, 31, 32 A 70% reduction in resonance frequency was also observed for the topside wet-etch cantilevers compared to previously reported devices. Frequency reduction is an important advantage as most of the vibration sources available, are lower that 1 kHz as reported previously by Roundy et al. 1, 33 
